Abstract: The limited band of optical and electrical devices in an intensity-modulation direct detection (IM/DD) system is considered to be a major bottleneck that hinders the increase in transmission capacity. Spectrally efficient modulation formats and advanced digital signal processing are key technologies to improving the performance of IM/DD for high-speed short-reach optical systems. In this paper, we propose and experimentally demonstrate a novel Nyquist eight-level, pulse-amplitude, single-carrier modulation with frequency-domain equalization (PAM8-SCFDE). In addition, 40-GBd Nyquist PAM8-SCFDE signals can be successfully transmitted over 2-km standard single-mode fiber or 20-km large effective area fiber based on 10-G-class DAC and photodiode. Therefore, the achieved aggregate data rate is 120 Gb/s, and the measured bit error rate (BER) is under 7% pre-forward-errorcorrection (FEC) threshold of 3:8 Â 10 À3 . Compared with conventional PAM8, this scheme can provide double spectral efficiency and 6-dB receiver sensitivity improvement.
Introduction
Due to the increased availability of multimedia services, broadband Internet, and cloud services, demands on the capacity of short-range optical communication systems are growing continuously. It requires optical transmission system with data rate up to 400 Gb/s or even 1 Tb/s [1] . Meanwhile, considering the low cost, low power consumption, and low complexity, intensity modulation and direction detection (IM/DD) are considered as competitive candidates and practical methods for next generation passive optical networks (NG-PON2) and data center interconnections. Recently, several 100 Gbit/s/lambda short-reach transmission experiments have been studied using various advanced modulation formats, such as 4-level pulse amplitude modulation (PAM-4) with polarization division multiplexing [2] , single polarization PAM-4 using SiP Mach-Zehnder modulator [3] , multi-band carrierless amplitude phase modulation (multi-CAP) [4] , and Discrete Multi Tone (DMT) [5] . In [6] , 100 Gb/s is reported by adopting Stokes vector direct detection (SV-DD). In order to overcome the band limit of optical and electrical components, 100 Gb/s Nyquist PAM-4 is presented with the help of pre-equalization [7] .
In this work, we propose and experimentally demonstrate another alternative spectrallyefficient modulation format Nyquist PAM8 single carrier with frequency domain equalization (SCFDE). Compared to DMT and conventional PAM, its peak-to-average power ratio (PAPR) can be reduced and the signal bandwidth can be halved, respectively. Additionally, the computational complexity can also be reduced by employing FDE. In this demonstration, 40 GBd Nyquist PAM8-SCFDE signal can be successfully transmitted over 2 km standard single mode fiber (SSMF) or 20 km large effective area fiber (LEAF) with the bit-error-rate (BER) less than 7% pre-forward-error-correction (FEC) threshold of 3:8 Â 10
À3 . The raw data rate is 120 Gb/s. Counting the training sequence and 7% FEC overhead, the net data rate is 110 Gb/s. We conduct comprehensive performance comparisons between the proposed Nyquist PAM8-SCFDE scheme and conventional PAM8 scheme via simulation and experiment. Compared to conventional PAM8, the experimental results show that this scheme can provide 6-dB receiver sensitivity improvement.
Principles of Nyquist PAM8-SCFDE
The block diagram and overall test setup of Nyquist PAM8-SCFDE is illustrated in Fig. 1 . At the transmitter side, the original binary sequences are first mapped onto PAM8 signals. Training sequence is inserted for post FDE. Then upsampled to 2 samples per symbol in order to match the operating rate of the shaping filters, and turn to a raised cosine (RC) FIR filter for Nyquist shaping. The roll factor of the Nyquist filter is set to 0.1. These procedures are offline accomplished by MATLAB, and then loaded into an 8 bit DAC with 80 GSa/s sampling rate and 3 dB bandwidth of 16 GHz. Thus, the signal baud rate is 40 GBd, and the raw data rate is 120 Gb/s.
Subsequently the Nyquist PAM8-SCFDE signal from DAC is amplified by a linear electrical amplifier (EA) with 19-dB gain and fed to an intensity modulator with 37 GHz bandwidth and 2.7 V half-wave voltage. The laser diode operates at 1541.4 nm with linewidth of 100 kHz and output power of 13 dBm. The output signal is injected into a span of 2 km SSMF or 20 km LEAF. A variable optical attenuator (VOA) is placed after fiber to adjust the received optical power. After fiber transmission, optical to electrical (O/E) conversion is implemented at the receiver side via an Agilent analog receiver. The 3 dB bandwidth of the commercial receiver is 14 GHz.
The detected signals are then captured by a real time oscilloscope with 160 GSa/s sampling rate and 60 GHz bandwidth and subsequently processed by offline DSP. The detailed off-line DSP flow chart is also listed in detail in Fig. 1 . Synchronization and re-sampling to 2 sampleper-symbol are firstly employed, and the matched Nyquist RC filter is then implemented to filter out the unwanted signals. After down-sampling, training sequences are extracted and used for post frequency domain equalization. In this demonstration, one tap zero forcing (ZF) algorithm is used to estimate the channel matrix for simplicity. In order to further improve the BER performance, decision-directed least mean square (DD-LMS) can be utilized [8] . After equalization, the output PAM signal is decoded for BER estimation. It should be noted that the cyclic prefix (CP) can also be used in this modulation format to mitigate the chromatic dispersion effect, but in this short reach application, CP is not needed due to the short distance.
The electrical spectra of conventional PAM8 and Nyquist PAM8 are inserted in Fig. 1 as inset (a) and (b), respectively. It can be easily seen that the signal bandwidth of Nyquist PAM8 is halved to 20 GHz. The end-to-end channel frequency response of the overall system is measured and depicted in Fig. 2 . According to the measured results, the 10 dB bandwidth is about 10 GHz and the 20 dB bandwidth is around 20 GHz. By adopting Nyquist PAM8-SCFDE, the required bandwidths for optical and electrical components are also reduced to half.
A simulated comparison between conventional PAM8 and Nyquist PAM8-SCFDE is conducted. In this simulation, the channel response is based on the measured frequency response illustrated in Fig. 2 , as well as the additive white Gaussian noise (AWGN). In order to provide a fair comparison, these two modulation formats are tested in the same condition with raw bit rate of 120 Gb/s and with the same digital processing algorithms. The simulated BER versus signalto-noise ratio (SNR) are depicted in Fig. 3 . The SNR are varied from 10 to 22 dB with a step of 2 dB. The eye diagrams of these two modulation schemes at the SNR of 22 dB are also inserted in this figure. From this figure, we can find the receiver sensitivity can be enhanced by 4 dB at the BER of 1 Â 10 À2 by adopting Nyquist PAM8-SCFDE.
Experimental Results and Discussions
The experimental setup for the Nyquist PAM8-SCFDE generation, transmission and reception in IM/DD system is given in Fig. 1 . First, a comparison of optical spectra at different conditions is carried out. Fig. 4 shows the measured optical spectra with 0.02 nm resolution before and after modulated with Nyquist PAM8 and conventional PAM8 signals. The Nyquist PAM8 signals are shaped by Nyquist RC filter, and its occupied bandwidth is halved, which is much narrower than the conventional one. The difference can also be observed from Fig. 4 . Then, a comparison of BER performance between conventional PAM8 and Nyquist PAM8 is made under the same experimental setup and digital equalization algorithms at the case of optical back-to-back (OBTB). The BER versus received optical power is measured. The received optical powers are varied from À4 to 2 dBm, and the results are given in Fig. 5 . According to the results, we can find the conventional PAM8 cannot reach the threshold value of 3:8 Â 10
À3 , but the BER of Nyquist PAM8-SCFDE can be under this threshold when the received optical power is larger than 0 dBm. At the BER of 1 Â 10 À2 , the receiver sensitivity of Nyquist PAM8-SCFDE can be enhanced by 6 dB. The eye diagrams of these two modulation schemes at the power of 2 dBm are also inserted in this figure. The eye diagrams are obtained after down sampling and equalization. The superiority of Nyquist PAM8-SCFDE can also be concluded from the eye diagrams.
Finally, we have successfully performed 2 km SSMF and 20 km LEAF transmission. The SSMF and LEAF are with the chromatic dispersion of 17 and 4 ps/km/nm and the attenuation coefficient of 0.2 and 0.21 dB/km, respectively. The BER performances versus received optical power at the case of OBTB, after 2 km SSMF and 20 km LEAF transmission are all measured and studied. The measured results are depicted in Fig. 6 . The received power degradation induced by fiber transmission can be neglected. And the BER can be under 3:8 Â 10 À3 once the received power is larger than 0 dBm. These results clearly show the feasibility of proposed Nyquist PAM8-SCFDE signaling for beyond 100 Gbit/s with > 2 km reach. 
Conclusion
As far as we know, for the first time, we numerically and experimentally demonstrate a novel Nyquist PAM8-SCFDE modulation scheme based on IM/DD in optical system for short-reach. Comprehensive experimental and simulated comparisons between the proposed scheme and conventional PAM8 are conducted and detailed discussed. The comparison was carried out under the same experimental condition. Compared to conventional PAM8, the received power sensitivity of Nyquist PAM8-SCFDE can be significantly improved by 6 dB. 40 GBd Nyquist single carrier signals can be successfully transmitted on 10 G class devices. The BER of 120 Gbit/s Nyquist PAM8-SCFDE signals after transmitting over 2 km SSMF or 20 km LEAF are both less than 3:8 Â 10 À3 , which demonstrates the feasibility of the proposed Nyquist PAM8-SCFDE system based on cost-effective intensity modulation and direct detection, as well as showing its promising application in overcoming the insufficient bandwidth of devices.
